Recent research has shown that magnetorheological fluid can undergo squeeze-strengthening when flow conditions promote filtration. While a Péclet number has been used to predict filtration in non-magnetic two-phase fluids submitted to slow compression, the approach has yet to be adapted to magnetorheological fluid behavior in order to predict the conditions leading to squeeze-strengthening behavior of magnetorheological fluid. In this article, a Péclet number is derived and adapted to the Bingham rheological model. This Péclet number is then compared to the experimental occurrence of squeeze-strengthening behavior obtained from several squeeze geometries and magnetorheological fluid compositions submitted to pure-squeeze conditions. Results show that the Péclet number well predicts the occurrence of squeezestrengthening behavior in high-concentration magnetorheological fluid made from various particle sizes and using various squeeze geometries. Moreover, it is shown that squeeze-strengthening occurrence is increased when using annulus geometries or by increasing average particle radius. While lowering concentration increases filtration, tested conditions only led to squeeze-strengthening behavior after concentration had increased close to packing limit. Altogether, results suggest that the Péclet number derived in this study can be used to predict the occurrence of squeeze-strengthening for various magnetorheological fluids and squeeze geometries using the well-known rheological properties of magnetorheological fluids.
Introduction

Background
Magnetorheological fluids (MRFs) are two-phase fluids consisting of magnetically soft (e.g. iron) micron-sized particles dispersed in a liquid carrier (e.g. oil). In the absence of a magnetic field, MRFs generally behave as Newtonian or shear-thinning fluids. When submitted to an external magnetic field, the relation between shear stress and shear rate is offset by a yield stress, which is induced by the magnetization of the solid particles. Generally considered homogenous, MRF rheological behavior is well captured by the Herschel-Bulkley rheological model over a wide range of shear rates (Farjoud et al., 2008; Wereley, 2008) 
or by the Bingham rheological model, when shearthinning can be neglected
where t 0 is the MRF yield stress, B is the magnetic field, m is the bulk suspension viscosity, _ g is the shear rate, and n is the shear-thinning index.
The Bingham rheological model is commonly used for the design of pure-shear devices which operate over a relatively narrow range of shear rates, such as MRF clutches (Kavlicoglu et al., 2006) and brakes (Senkal and Gurocak, 2010) , as the viscous (m _ g) and magnetic (t 0 ) stresses are independent and easily characterized. Performance metrics of these devices, such as torqueto-weight, are then optimized through the design of the magnetic circuit and shear interface, by minimizing the magnetic circuit weight for a given shear interface (Avraam, 2009; Park et al., 2008) and through the proper selection of MRF, by maximizing yield stress and minimizing viscosity (Jolly et al., 1999) . Since MRF yield stress under pure-shear conditions is limited to ;100 kPa (Carlson and Jolly, 2000) by the particle volume concentration (f) and magnetic saturation (B max ; Ginder and Davis, 1994) , state-of-the-art rotary devices achieve a torque-to-weight ratio of ;70 Nm/kg (Gratzer et al., 2008) .
In order to increase rotary device (e.g. clutch, brake) torque output beyond conventional limits, squeeze mode has recently raised interest, as it has been shown to increase shear yield stress in simultaneous squeezeshear conditions Bigue´et al., 2015; Hegger and Maas, 2015) . This squeeze-strengthening, or super-strong behavior, was first reported by Tao (2001) , who experimentally demonstrated that highconcentration (f = 45%) MRF can be bolstered by more than an order of magnitude, reaching 800 kPa shear yield stress after pure squeezing. Subsequent studies achieved similar results, reaching 1100 kPa (Wang et al., 2008) and 1500 kPa (Zhang et al., 2004) , respectively, after pure-squeeze. In such conditions, the behavior was accompanied by a significant increase in MRF elastic shear modulus (or Young's modulus) and was attributed to a structural reorganization of the MRF into thick columns, which were capable of resisting high-static compressive loads until they broke down under large shear (Tao, 2001) . The resulting shear yield stress was found proportionally linked to compression force (Tao, 2001 ) and, to a lesser extent, to hydrostatic pressure Dragoni, 2012, 2013) .
By super-imposing small-amplitude oscillatory shear (SAOS), squeeze-strengthening was linked to the structural evolution of MRF during slow-compression (V = 10 mm=s) tests performed with a constant volume apparatus, where overall particle concentration between plates was always known (De Vicente et al., 2011) . However, similar studies using constant volume apparatus have reported that local particle-fluid separation may also significantly contribute toward the increase in compressive force, especially in high-concentration fluids (Guo et al., 2013) . Particle-fluid separation may contribute even more to squeeze-strengthening in constant area devices (e.g. commercial devices), where it has been observed using both MRF and electrorheological fluids (ERFs; McIntyre, 2008) and found more important when fluids were made from low-viscosity carrier liquids (Lynch et al., 2006; McIntyre and Filisko, 2010) . Such a filtration mechanism was also witnessed during compression of high-concentration, non-magnetic, two-phase fluids (Collomb et al., 2004) , where both advective (or bulk) flow and filtration (or diffusive) flow can be observed, as illustrated in Figure 1 . To quantify the relative magnitude of each flow regime, a Pe´clet number (Pe) was derived by taking the ratio of diffusive (t d ) to advective (t a ) flow timescales (Collomb et al., 2004 )
where V is the compression speed, h is the fluid gap height, m c is the carrier fluid viscosity, and k is the Darcy permeability of the solid particles (Yang, 2003) . A and m are the consistency parameter and shear-thinning index of the power law, which typically describe the bulk rheological behavior of these two-phase fluids
As schematized in Figure 1 (a), high Pe´clet number (Pe ! ') flows are dominated by the bulk fluid movement, where the particle distribution remains mostly homogenous. In such conditions, compression forces are mainly dependent on the bulk rheological behavior (e.g. power law or Bingham). As schematized in Figure 1 (b), low Pe´clet number (Pe ! 0) flows are dominated by the filtration phenomenon, which causes solid-liquid separation. In turn, this leads to solid packing, close to plate center, and high compression forces due to flow jamming (Kaci et al., 2011) .
Although the MRF bulk rheological behavior is not well captured by the power law model (equation (4)), which was used to derive the Pe´clet number (equation (3)), it was recently demonstrated that high-concentration (f = 47%) MRF, squeezed between circular plates, undergoes a similar transition in rheological behavior when Pe'1 (Bigue´et al., 2015) . This transition was identified as a significant increase in compression force and rigidity (from SAOS), thus suggesting that filtration is a precursor to the squeeze-strengthening behavior resulting from such conditions (Bigue´et al., 2015) . While the Pe´clet number could be used to better understand the squeeze-strengthening behavior of MRFs and guide the design of novel devices which make use of this behavior, a generalization of the Pe´clet number is still required to predict conditions which lead to squeeze-strengthening. Most importantly, the Pe´clet number, originally derived for power law fluids, must be adapted to MRF widely accepted rheological models (e.g. Bingham), commonly used during the design process of MRF devices. Moreover, this Pe´clet number must also be generalized to allow various design parameters, such as different squeeze geometries and MRF compositions. Ultimately, the Pe´clet number should also be adapted to simultaneously imposed rotational velocities during squeezing, as the understanding of such combined loading could open the door to several novel super-strong devices with dynamic control capabilities.
Proposed research
While the second part of this two-part work addresses the specific challenge of simultaneous squeeze-shear conditions, the main goal of the first part is to generalize the relationship between filtration and the squeezestrengthening behavior resulting from pure-squeeze conditions. To do so, a non-dimensional description of the Pe´clet number is first derived to include the physics of the Bingham rheological model. The Pe´clet number is then used to compare the experimental occurrence of squeeze-strengthening behavior obtained from puresqueeze tests under a wide variety of operating conditions, MRF compositions, and squeeze geometries.
By identifying the transition gap height (h) where squeeze-strengthening occurs, results obtained from pure-squeeze tests of high-concentration (f = 47%) MRF show that the non-dimensional description of the Pe´clet number well predict the experimental transition gap height where squeeze-strengthening is observed. It is also demonstrated that this gap height is increased when compression is performed with annulus geometries (over disk geometries) due to additional inward flow or when larger particles are used due to increased filtration. Tests performed with lower concentration MRF (f = 30%), however, have shown evidence of concentration increase (e.g. close to packing) before occurrence of squeeze-strengthening. In such conditions, the Pe´clet number still appears to predict squeeze-strengthening occurrence, when highconcentration (e.g. packing limit) is considered. Altogether, the Pe´clet number well describe the experimental measurement of the occurrence of squeezestrengthening behavior, thus suggesting that it can be used to predict the occurrence of squeeze-strengthening behavior in constant area devices using several squeeze geometries, MRF formulations, and operating conditions.
Péclet number for MRFs under pure compression
Before adapting the Pe´clet number to MRF rheological behavior and various geometries, dimensional analysis of the system seen in Figure 2 (a) is performed using the variables (m c , V , h, k, A, m) from the Pe´clet number (equation (3)), originally derived for the compression of general two-phase fluids exhibiting power-law behavior. Applying Buckingham's Pi theorem, the N = 6 variables and M = 3 dimensions (length, time, and mass) provide N À M = 3 non-dimensional groups
Here, m Ã is defined as a non-dimensional viscosity and Da Ã as a modified Darcy number. Taking the ratio of these two last groups, a non-dimensional description of the Pe´clet number is obtained, where the numerator is associated with advective (or viscous) flow and the denominator is associated with filtration flow (see Figure 1 ).
As it will be shown, this description can advantageously be used to present data in a non-dimensional form. Moreover, this description can be easily adapted to different rheological models through the nondimensional viscosity m Ã . As seen in equation (6), m Ã is the ratio of the carrier phase viscosity m c to the apparent viscosity m a = A( _ g sq ) mÀ1 of the bulk fluid rheological behavior, which in this case is a power law
Figure 2. Pure-squeeze induces a radial shear flow with average shear rate: (a) _ g sq = V=h for a disk geometry and (b) _ g sq = V=2h for an annulus geometry.
where _ g sq = V =h is the compression shear rate, or the average shear rate of a disk geometry taken close to plate center where the effects of filtration occur (Kaci et al., 2011) . In a more general form, the apparent viscosity m a is the ratio of compression-induced stress (t sq ) and shear rate ( _ g sq )
Using equation (10), the apparent viscosity (m a ) can thus be adapted to typical MRF rheological behavior, such as the Bingham or Herschel-Bulkley models.
When the viscous stress is dominant over yield stress (m _ g sq ..t 0 ), equation (11) reduces to the original power-law definition of apparent viscosity,
, where A[m and n = m. When MRF yield stress is dominant over the MRF viscous stress (t 0 ..m _ g sq ), such as in low plasticity number (S) flows (see section ''Pure squeeze''), the apparent viscosity and non-dimensional viscosity of the Bingham and Herschel-Bulkley models reduce to
Under this particular assumption, the nondimensional viscosity m Ã can also be seen as the ratio of the carrier liquid viscous stress (m c _ g sq ) to the MRF yield stress (t 0 ). Assuming that this yield stress (t 0 ) is induced by magnetic forces between the solid particles, the non-dimensional viscosity can thus be seen as a macroscopic corollary of the Mason number .
In this work, the non-dimensional viscosity is defined according to equation (13) . The Darcy number is defined using equation (7) with permeability k estimated through the Kozeny-Carman equation (Yang, 2003) 
where r avg is the average particle radius and e = (1 À f) is the volumetric oil concentration. Altogether, substituting equations (7) and (13) into equation (8) provides a Pe´clet number adapted for pure-squeeze flow of MRF.
Note that through the mass conservation theory, applied to the disk geometry seen in Figure 2 (a), the average shear rate is generally defined as
where R is the plate radius. As filtration initially occurs at plate center (where R'h), however, the average shear rate used in the Pe´clet number (equation (15)) is independent of external plate radius. Thus, as seen in Figure  2 (a), the average shear rate is defined as _ g sq = V =h for disk geometry. As seen in Figure 2(b) , the average shear rate is defined as _ g sq = V =2h for annulus geometries due to additional inward flow.
Methodology
In this study, the MRF is first characterized in pureshear conditions in order to measure MRF yield stress (t 0 ) at different magnetic fields. The relation between filtration and squeeze-strengthening behavior is then studied experimentally under pure-squeeze conditions. Occurrence of squeeze-strengthening, defined as the gap height (h) where a significant change in rheological behavior is observed, is identified from all pure-squeeze tests and compared to the Pe´clet number predictions (equation (15)). Tests are repeated with different geometries or MRFs in order to understand the impact of geometry and MRF formulation on the occurrence of squeeze-strengthening.
Section ''Experimental tests'' presents the experimental testing procedures, and section ''Test apparatus'' presents the test bench used to perform all experimental tests. The different geometries and MRF formulations used in this study are, respectively, presented in sections ''Interface geometries'' and ''Materials.'' Experimental tests Pure shear. Pure-shear tests are used to characterize the MRF yield stress t 0 as a function of magnetic field. For each geometry and MRF studied in this work, pureshear tests are performed by imposing a rotary speed ramp (e.g. 10-0 r/min) at a fixed average gap height (e.g. 0.5 mm) while MRF is submitted to a fixed coil current. Assuming a constant shear stress distribution over the surface and neglecting viscosity, resulting torque (T ) measurements are converted into shear stress t sh using the following relation
where R i and R e are, respectively, the inner and outer plate radii of the interface geometry. MRF yield stress from pure shear (t 0 sh ) is deduced from the shear stress t sh by curve-fitting the Bingham rheological model. For simplicity purposes, shear yield stress (t 0 sh ) is used to calculate the Pe´clet number (equation (15)) through the non-dimensional viscosity m Ã (equation (13)), although it is found slightly lower than the compressive yield stress (t 0 sq ; Bigue´et al., 2017; De Vicente et al., 2011) .
Pure squeeze. Pure-squeeze tests are used to identify the occurrence of squeeze-strengthening behavior by studying the MRF behavior (e.g. compressive yield stress) during compression. Typical pure-squeeze tests are performed by imposing a constant compression speed (V) from an initial gap height (e.g. 1 mm) down to a gap height of 0.1 mm (or maximum force of 11 kN) while MRF is submitted to a fixed coil current and SAOS (100 s 21 and 0.01°). Compression speeds varied between 0:05 and 5 mm=s, while imposed magnetic fields range from 0 to 1 T.
For homogenous (e.g. single-phase) Bingham fluids, squeezed between circular plates, the compressive behavior can be separated between viscous stress and yield stress dominated regimes using the plasticity number (S; Covey and Stanmore, 1981) 
where _ g sq = VR=h 2 is the average shear rate obtained from the mass balance. In this study, the testing conditions almost exclusively correspond to low plasticity numbers (S\0:05), thus the compressive yield stress (t 0 sq ) can be determined directly by the compressive force F (Meng and Filisko, 2005) 
For other geometries (annulus), the plate radius R is replaced by an equivalent radius R eq , which is experimentally determined to provide the same compressive yield stress as measured with disk geometries (at the same magnetic field). Although equation (19) does not represent exact yield stress when MRF exhibits squeeze-strengthening behavior, due to the change in rheological behavior, the formulation has been shown to provide good agreement with experimental results when squeezing MRF fluids in low plasticity numbers with constant volume devices (Ruiz et al., 2013) . Equation (19) will thus be used to identify the occurrence of squeeze-strengthening behavior, here defined as the gap height (h) where drastic increase in compressive yield stress is observed.
Test apparatus
The test apparatus used to experimentally investigate MRF behavior is shown in Figure 3 with an annulus geometry configuration (GEO#2 from Table 1 ). To control the rotary shear rate of the MRF, the first half of the shear interface is connected to a direct-drive rotary motor (Kollmorgen D083A-22-1210). Angular position of the shear interface is controlled using the motor's built-in encoder (134,217,728 counts/rev) and monitored using a second high-precision digital encoder (80,000 counts/rev), composed of a SIKO MSK5000-0312 magnetic sensor and a MBR500-0013 magnetic band. Shear stress is measured by an in-line torque transducer (Lorenz DR-2477-106544).
A ball-screw linear actuator, composed of an electric motor (Kollmorgen AKM53H) and a ball screw (Tolomatic RSA50-BN04-SK3), is used to control MRF gap height through the linear displacement of a pre-loaded ball spline, which is connected to the other half of the shear interface. MRF gap height (h) is controlled and monitored using a high-precision (0.5-mm resolution) laser displacement sensor (Panasonic HL-G103-A-C5), while axial force is measured by an in-line force sensor (Transducer Techniques SB0-5K). Several elastic membranes are located inside and outside of the clutch to allow MRF to flow freely from the squeezeshear interface with minimal restriction. Pressure sensors (SSI Technologies P51-50-A-A-I36-20ma-000-000) are used to correct the axial force measurement in case of additional pressure increase.
The magnetic circuit is composed of 1010 lowcarbon steel. The magnetic field at the MRF interface is controlled by a pair of coils, each made from 500 turns of 0.455 mm (25 AWG) magnet wire. As shown by the finite element method magnetics (FEMM) simulations, super-imposed to the axisymmetric view in Figure 3 , the magnetic field in the MRF is validated and monitored through a circumferential air gap, located in the outer casing, using a Hirst Magnetic Instruments Ltd. (GM08) gaussmeter. For each compression test, the coil current is imposed and the corresponding MRF average magnetic field (B) is used to facilitate comparison between different tests by providing order-of-magnitude magnetization for each test.
Interface geometries
The parameters of the three geometries used in study are listed in Table 1 . GEO#1 is a disk geometry, which is typically used for squeeze-flow experimental studies. GEO#1 is used as a known reference for validating the Pe´clet number and to understand the comparative effect of other geometries. Two annulus geometries are used to study the effect of geometry. GEO#2 is representative of typical clutch interface geometry, which could be used in an optimized clutch design. GEO#3 is similar to GEO#2, but with a very aggressive aspect ratio (gap height-towidth). GEO#3 is intended to validate the effect of different aspect ratios on the occurrence of squeezestrengthening behavior, that is, to validate that filtration occurs mostly at the center of the compression interface.
Materials
While commercial MRF formulations also exhibit squeeze-strengthening behavior, custom formulations where preferred for this study, as their composition (e.g. presence of additives, base oil viscosity, and particle size) are more easily controlled, and more easily compared to the Pe´clet number theory. Thus, three custom MRF formulations are used in this study, with the specifications listed in Table 2. MRF#1 contains 47% (by volume) of carbonyl iron particles (3-5 mm radius) dispersed in a low-viscosity silicon oil that exhibits Newtonian behavior. MRF#1 was used in a previous study and demonstrated a good correlation between squeeze-strengthening occurrence and the Pe´clet number (Bigue´et al., 2015) . MRF#1 is systematically tested with all three geometries listed in Table 1 and is used as a common reference for understanding the impact of geometry and MRF composition on the occurrence of squeeze-strengthening behavior.
MRF#2 contains 50% (by volume) of iron cobalt (FeCo) water atomized particles (20-30 mm radius), which were provided by the Carpenter Powder Products (CPP) division of Carpenter Technology Corporation. The large particles are dispersed in a lowviscosity silicon oil in order to increase filtration (k) almost 30 3 over MRF#1. High concentration is selected in order to minimize sedimentation, which can be very significant when using large particles and lowviscosity oil.
MRF#3 contains 30% (by volume) of carbonyl iron particles (3-5 mm radius), which increases filtration (k) almost 6 3 over MRF#1. In order to minimize MRF sedimentation, the viscosity of the silicone oil is increased. Results from pure-shear tests show minimal variation in concentration, indicating that sedimentation induced by gravity and magnetic field is negligible in comparison with the duration of the compression tests.
Results and discussions
The following section is divided into two main subsections. The first subsection ''MRF typical behavior'' describes the typical MRF behavior observed in pureshear and pure-squeeze tests. Particular focus is given to MRF yield stress, as well as overall behavior. Due to large volume of tests performed, only selected representative data are shown, here with annulus geometry GEO#2 and high-concentration MRF#1.
Once the typical MRF behavior is established, the following subsection ''Squeeze-strengthening behavior of MRF'' investigates the impact of geometry and MRF composition on the occurrence of squeezestrengthening behavior. In order to understand general tendencies and compare the occurrence of squeezestrengthening behavior to the filtration phenomenon, gap heights (h) at which the occurrence of squeezestrengthening is identified are synthesized and presented in non-dimensional form using the Pe´clet number.
MRF typical behavior
Pure shear and pure squeeze. Typical shear stress (t sh ) curves obtained from pure-shear tests and equation (17) are shown in Figure 4 for seven different magnetic fields. Dashed lines are curve-fitted from the Bingham rheological model (equation (2)) used to determine the shear yield stress (t 0 sh ), which shows a very good correlation with experimental data. Results show a generally dominant shear yield stress over viscous stress, which corroborates the assumption used for equation (12). Figure 5 shows the typical compressive yield stress t 0 sq resulting from equation (19) and compression force F measured during compression. By comparing results to the theoretically constant yield stress (dashed line) resulting from the best fit of equation (19) to the yield stress plateaus, the overall behavior can be divided in three distinct regimes, similar to those reported by Mazlan et al. (2008) and reused by Becnel et al. (2015) , but with a different interpretation: (1) linear elastic regime, (2) yield stress-dominated regime, and (3) filtration-dominated regime. From the initial gap height of 1 mm, MRF first exhibits a linear elastic (or viscoelastic) deformation where all experimental curves show similar increasing compressive yield stress until a critical strain is reached (Dh=h 0 ; 0:1). When MRF starts to flow, the compressive yield stress remains constant, which is typical of a homogenous (or singlephase) Bingham fluid (dashed line), evolving under low plasticity numbers (S\0:05). In this regime, the compression force is dominated by material yield stress and is thus largely independent of compression speed (De Vicente et al., 2011) . Upon reaching the filtrationdominant regime (red dots in Figure 5 ), the compressive stress starts to depart from this ideal homogenous behavior (dashed line). Although equation (19) does not adequately represent MRF yield stress under the filtration-dominated regime, due to change in rheological behavior, Figure 5 clearly depicts a significant increase in stress, which is typical of squeezestrengthening behavior (Bigue´et al., 2015; De Vicente et al., 2011) .
Represented by the red dots in Figure 5 , the transition in behavior is found at higher gap heights (h) when MRF is compressed at lower speeds, which is in accordance with the Pe´clet number (see equation (15)). Thus, in Figure 5 , the filtration-dominated regime is reached at lower gap heights (h) as compression speed increases from 0.05 to 1 mm/s. Squeeze-strengthening behavior is not clearly identified at 3 and 5 mm/s, where yield stress actually slightly decreases, potentially due to wall slip. Also note that no correlation was witnessed between yield stress and hydrostatic pressure during pure compression tests.
Squeeze-strengthening behavior of MRF Effect of geometry. To evaluate the impact of geometry on the occurrence of squeeze-strengthening, puresqueeze tests are performed with the geometries of Table 1 and MRF #1. A first comparison between GEO#1 and GEO#2 is presented in Figure 6 where compression speeds, MRF composition, and magnetic fields are identical. While both geometries offer the same compressive stress (t sq = 18 kPa) in the yield stress-dominated regime, the occurrence of squeezestrengthening clearly appears at higher gap heights (h) for the annulus geometry (red dots) than for the disk geometry (blue squares), which is expectedly induced by the differences in compressive shear rates _ g sq of each geometry.
To verify the ability of the Pe´clet number to predict the onset of squeeze-strengthening behavior, the gap heights (h) corresponding to the occurrence of squeezestrengthening behavior (shown with markers in Figure  6 ) are identified and displayed in non-dimensional form in Figure 7 by plotting the non-dimensional viscosity m Ã as a function of the Darcy number Da Ã . This is done for all tests performed with MRF#1 on all three geometries, as long as the theoretical gap transition was predicted below the 1-mm initial gap height. Nondimensional viscosity is calculated from equation (13) using liquid carrier viscosity m c from Table 2 , yield stress from Figure 4 (t 0 't 0 sh ), average shear rate _ g sq adapted to each geometry (see section ''Pe´clet number for MRFs under pure compression''), and compression speed V from each test. Darcy number is calculated from equation (7) using Darcy permeability k from Table 2 .
In Figure 7 , the squeeze-strengthening tendency (colored markers) is found well described by the Pe´clet number (dashed line at Pe = 1) derived in this study, which confirms that filtration is a good predictor of squeeze-strengthening behavior observed in highconcentration MRF. Moreover, results corroborate that the annulus geometries increase the occurrence of squeeze-strengthening (by a factor of 2 3 ) over disk geometry due to additional inward flow. Similar results obtained from both annulus geometries also indicate that filtration occurs mostly at plate center. Altogether, Figure 7 clearly indicates that the Pe´clet number can be used as a design tool for the prediction of the occurrence of squeeze-strengthening behavior in highconcentration MRF with different geometries as long as the average shear rate is appropriately defined for each geometry.
Effect of MRF composition. To evaluate the effect of MRF composition on squeeze-strengthening occurrence, the geometry is fixed (GEO#2) and pure-squeeze tests are performed using the three different MRF formulations listed in Table 2 . In Figure 8 , the transition gap heights obtained using MRF with large particles (MRF#2) are consolidated and compared to the Pe´clet number in non-dimensional form. Due to increased filtration (30 3 ), most tests with MRF#2 showed a filtration behavior. However, only tests performed at high speeds (e.g. .3 mm/s) and low magnetic fields (B \ 0.1) are shown in Figure 8 , as they experienced a regime transition (again at Pe = 1) under the initial gap height of h i = 1 mm. A few tests were thus performed from initial gap height h i = 2 mm in order to offer more experimental evidence of the tendency obtained with MRF#2. Comparing the tendencies shown in Figures 7 and 8 confirms that the Pe´clet number can predict the onset of squeeze-strengthening behavior with MRF containing a broad range of particle sizes. Moreover, Figure 8 also indicates that a drastic increase in occurrence of squeeze-strengthening behavior can be obtained by increasing particle size, as it increases permeability (k) to the square of particle radius (see equation (14)).
In Figure 9 , the results obtained using the lowconcentration (f = 30%) MRF#3 are shown. Again, experimental results (colored triangles) clearly depict a linear tendency (dotted line), which is indicative of a filtration behavior. While transition occurred at Pe = 1 (dashed line) for high-concentration (f = 47%) MRF, the experimental results appear at Pe = 0:25 (dotted line) for low-concentration (f = 30%) MRF.
Although this difference in Pe´clet numbers can be interpreted as a simple offset in numerical constants, it can also be interpreted as a delayed occurrence (;4 3 smaller gap height) in squeeze-strengthening as compared to predictions obtained by posing Pe = 1. Physical meaning can also be given to this interpretation by inspecting the parameters (e.g. viscosity, shear stress, and concentration) of the Pe´clet number. As shown by the open markers in Figure 9 , a surprisingly good correlation is found when comparing the experimental results and Pe = 1 (dashed line) when considering an artificially higher concentration of f = 0:47 rather than f = 0:30 in the permeability (equation (14)) used to calculate the modified Darcy number (equation (7)). This observation suggests that squeeze-strengthening might have been recorded after MRF concentration had increased close to packing. Further tests, however, will be required to validate this hypothesis.
Conclusion
The main goal of this study was to generalize the relationship between filtration and the squeezestrengthening behavior of MRF. To do so, a non-dimensional description of the Pe´clet number was derived and adapted to MRF rheological behavior (Bingham model). The Pe´clet number was then used to compare the experimental occurrence of squeezestrengthening behavior obtained from various squeeze geometries and MRF compositions over a wide range of operating conditions.
Results obtained from pure-squeeze tests with several squeeze geometries showed that the Pe´clet number well predicts the occurrence of squeeze-strengthening in high-concentration MRF (f = 47%). The transition gap height was shown to increase (2 3 ) when compression is performed with annulus geometries (over disk geometries) due to additional inward flow or to increase (exponentially) with particle radius. Squeeze-strengthening tendencies obtained with lower concentration MRF (f = 30%) were also found well described by the Pe´clet number, yet with a different numerical constant as compared to high-concentration MRF. Further investigation showed that this difference might be induced by a necessary concentration increase (e.g. close to packing) before occurrence of squeeze-strengthening.
Altogether, results suggest that the non-dimensional Pe´clet number derived in this study is well adapted to MRF rheological behavior and can be used as an initial predictor of squeeze-strengthening behavior with various squeeze geometries and MRF compositions. While the good predictability suggests that the squeezestrengthening of MRF could be used to enhance the performance of rotary devices, future work is devoted to the impact of simultaneous squeeze-shear conditions in the second part of this work, as it is crucial for achieving squeeze-strengthening behavior in devices operating at high rotational velocities.
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